Estimations of penicillin acylase type II activity that rely on chemical analysis of the product, 6 -aminopenicillanic acid (6-APA), are limited by insensitivity and instability of color (3, 5) . These problems can be overcome to some extent by the use of synthetic substrates (4, 8) , but the use of these substrates does not provide information on the activity of the enzyme against its usual substrate, benzylpenicillin.
Fluorescamine (14) has been used to follow the kinetics of penicillin acylase against benzylpenicillin through the reaction with the primary amino group of 6-APA (13) . Investigations conducted independently in this laboratory have confirmed that concentrations of 6-APA may be determined by the use offluorescamine and have further indicated the conditions which make the reaction relatively specific for 6-APA even in the presence of amino acids. In addition to its use for kinetic studies and enzyme activity determinations, the reaction has been applied to the investigation of inhibitors of penicillin acylase and the detection of the enzyme in bacterial cell cultures.
MATERIALS AND (9) in the absence of added penicillins, using crystalline lysozyme as a protein standard.
6-APA was detected with the reaction with fluorescamine. A sample of the 6-APA solution to be analyzed (0.5 to 1.0 ml) was placed in a test tube. The tube was agitated during the rapid addition of 0.5 ml of fluorescamine solution (15 mg/100 ml of acetone). Buffer was then added to a total volume of 3 ml, and fluorescence was usually allowed to develop for 1 h before readings were made.
Preparation of peniciln acylase. A crude preparation of penicillin acylase was obtained from Escherichia coli ATCC 9637 in a manner similar to that previously described (1) fractions (5 mg/ml) were stored for several months at -20°C without significant loss of activity. This preparation showed four protein bands upon sodium dodecyl sulfate gel electrophoresis.
Estimation of penicillin acylase activity. Apart from activation energy experiments, enzyme activity was determined at 37°C by incubating protein and substrate in 0.05 M phosphate buffer (pH 7.8). Controls contained either protein or benzylpenicillin alone. In kinetic and inhibitory experiments, 0.5 ml of benzylpenicillin solution, with additives as applicable, and 0.04 ml of enzyme solution were incubated and treated directly with fluorescamine, as described above, to terminate the reaction. Volumes were increased 10-fold for other experiments.
Analytical methods were compared by incubating 18.7 mg of benzylpenicillin with 3 mg of acylase protein in 5.4 ml for 2 h. A 1/100 dilution of this solution was used for analysis of 6-APA by fluorescamine, and the results were compared with those obtained by use of the hydroxylamine procedure (3) after extraction of residual benzylpenicillin from the incubated solution and neutralization. When 3-lactamase (50 ,ug) was substituted as the enzyme, its activity was determined by hydroxylamine analysis without extraction of the penicillin.
Benzylpenicillin and protein were altered as required for other quantitative experiments, and 0.54-ml samples were used for treatment with fluorescamine. A low concentration of protein (up to 100 ,ug) had little effect on fluorescence and was controlled in blanks.
Enzyme parameters. Km and Vmax were determined by statistical analysis (7) of data obtained by incubating 30, 33.3, 37.5, 42.9, 49.5, or 60 ,ug of benzylpenicillin with 40 sLg of protein in 0.54 ml for 15 min. Four estimations were performed for each substrate concentration.
Activation energy determinations were made from solutions containing 100 ,ug of benzylpenicillin and 133 ,ug of protein per 5.4 ml. Incubation times were 30 min at 15°C, 20 min at 20 and 25°C, 10 min at 30.8 and 36°C, and 6 min at 43°C. Samples were taken at equal intervals over the incubation time. The first two specific rate constants at each temperature were used for the Arrhenius plot.
Detection of penicllin acylase in bacteria. One milliliter of bacterial cell suspension obtained by growth in the medium described earlier for E. coli ATCC %37 was mixed with 4 ml of benzylpenicillin solution (1 mg/ml) in 0.05 M phosphate buffer (pH 7.8) and shaken for 16 h at 37°C. Samples were taken, and a dilution (usually 1/100) was made with 0.5 M acetate buffer (pH 4) before treatment with fluorescamine. The solution was viewed under a long-wavelength UV light (366 nm).
RESULTS
Reaction of 6-APA with fluorescamine. Total fluorescence emission was directly proportional to the concentration of 6-APA in the range of 1 to 10 ,ug/ml (Fig. 1 ). This reaction is 25 times more sensitive for 6-APA than is glucosamine (11) . Thirty estimations of 6-APA (5 Fag of 6-APA per 0.5 ml of buffer [pH 7.8]) gave an analytical result of 4.98 ,ug of 6-APA per 0.5 ml of buffer and a standard deviation of 0.1 ,ug of 6-APA per 0.5 ml of buffer. Treatment of benzyl penicillin in the same manner as 6-APA gave negligible fluorescence in the concentration range of 0.1 to 1 mg/ml. The reaction clearly and conveniently differentiated 6-APA from benzylpenicillin without requiring penicillin extraction.
Effect of pH on fluorescence. Intensity of fluorescence was maximum when the complexing reaction was carried out in the pH range of 3.5 to 5 (Fig. 2) . This effect contrasts strongly with the 3. (Fig. 3) . When the reaction was carried out at pH 4, fluorescence doubled in the first hour and was relatively stable thereafter. The development offluorescence at pH 4 may be due to the r-lactam ring in 6-APA. The time lapse between the addition of fluorescamine and reading of fluorescence is important and requires standardization in any assay for 6-APA at pH 4. In studies on the crude enzyme preparation, the fluorescamine complexes were formed at pH 7.8, and final volumes were adjusted with buffer of that pH. These conditions were adequate for the experiments performed, although they did not give maximum sensitivity. In studies in which whole bacterial cells were used, interference of amino acids and polypeptides was minimized by forming 6-APA-fluorescamine complexes and adjusting final volumes at pH 4. All readings were made 1 h after mixing of reactants.
Estimation of penicillin acylase activity. The rate of formation of 6-APA was linear with time (Fig. 4) . The average specific activity was 1.46 jmol of 6-APA formed per mg of protein per h. At the substrate concentration used, the rate of formation of 6-APA was proportional to enzyme concentration (Fig. 5) and displayed zero order kinetics in this assay.
Although sensitivities for 6-APA differed, the result of 2.67 ,umol of 6-APA formed per mg of protein per 2 h obtained by fluorescamine analysis compared favorably with the result of 2.62 ,umol of 6-APA formed per mg of protein per 2 h, obtained by using the hydroxylamine procedure (3) for analysis. Hydroxylamine analysis indicated that P-lactamase hydrolyzed 2.9 ,umol of benzylpenicillin per mg of protein per 2 h, but this activity was not detected when fluorescamine was used. The reaction clearly differentiated penicillin acylase from narrow-spectrumlactamase.
Reaction with other penicillins. Apart from 6-APA, only ampicillin, amoxicillin, and epicdilin reacted with fluorescamine at pH 7.8. These compounds also showed a small amount of fluorescence at pH 4. Although 7-aminocephalosporanic acid was not tested in this series of experiments, it might be expected that it and the cephalosporins cephaloglycin and cephalexin should also react. were similar to those obtained from the Lineweaver-Burk plot. The Km obtained was lower than that previously reported by workers who were not able to use initial reaction rates (10) . The activation energy between 15 and 43°C was found to be 54.05 kJ mol-1. This was higher than that observed in other strains of E. coli (2, 13) . The fluorescamine reaction should be useful in obtaining comparative data on enzyme parameters.
The range of substances which inhibited the enzyme from E. coli ATCC 9637 (Table 1) was similar to that inhibiting the enzyme from Bacillus megaterium ATCC 14945 (6). Phenylacetic Detection of penicillin acylase in bacteria. Penicillin acylase activity was detected in whole cells of E. coli ATCC 9637 and ATCC 11105 and B. megaterium ATCC 14945 when the reaction at pH 4 was used without any purification. These organisms are known to produce the enzyme. Several other organisms were tested but did not show activity. The differential fluorescence of 6-APA and amino acids at pH 4 indicates that the fluorescamine reaction could conveniently form the basis of a screening procedure for the presence of penicillin acylase in microorganisms.
DISCUSSION
The reaction with fluorescamine is a rapid, sensitive, quantitative, and versatile procedure for measurement of 6-APA concentrations. The analytical method is simple, and interference of other compounds is readily controlled by judicious choice of reaction conditions. The fluorescence is more stable than the color given in commonly used chemical methods (3, 5) . This procedure has been found to be very reliable in investigating penicillin acylase activity, and it clearly distinguishes the product without using harsh conditions for extraction or analysis. The reaction seems to have many applications. Apart from studies on enzyme parameters, activity, and inhibitors, it has also been used to confirm the presence of penicillin acylases in organisms known to produce the enzyme. Its usefulness in a screening technique is indicated.
